ABSTRACT Spatial patterns ofAnopheles freeborni Aitken and Culex tarsalis Coquillett larvae were studied during summer by sampling with a standard mosquito dipper in 104 rice fields in northern California. Culex tarsalis larval abundance was highest initially, then decreased and remained low through late summer. An. freeborni larval abundance was low initially, increased steadily, and peaked in mid-August. The degree of aggregation for both species as measured using Taylor's power law and Iwao's Patchiness Regression was highest among the first instars and then decreased as the larvae aged. Seasonal peaks in the degree of aggregation were observed. Analysis of covariance showed that for Taylor's model both instar and time effects were statistically significant, with instar showing the largest effect. In comparison, all slopes resulting from Iwao's model were significantly different, indicating that this model was affected by specific combinations of instar, week, and location and, thus, was less useful in developing an area-wide sampling plan. Optimal sample size was estimated using two methods. One method calculated the number of dips needed to estimate population abundance at three fixed-precision levels. The second calculated the minimum number of dips needed to collect at least one larva. The latter requires a substantially smaller sample size and may provide an effective method for monitoring larval niosquito abundance for control purposes.
level of accuracy, has not been studied for An. freeborni. Mackey & Hoy (1978) and Stewart et al. (1983) examined the dispersion of Cx. tarsalis in central California rice fields and compared dip-sample data to the Poisson and negative binomial statistical distributions. Their objective was to develop sequential sampling plans for this species, and both studies reported that the negative binomial distribution provided a good fit to their data.
Other attempts to fit statistical distributions to larval mosquito sample data have not produced consistent results. Service (1985) presented dipsample data on Aedes cantons (Meigen), Anopheles arabiensis Patton, and Anopheles gambiue Giles populations and found that none of several distributions, including the Poisson and the negative binomial, consistently fit all of the data. The problem lies in the fact that various statistical parameters (e.g., k of the negative binomial) vary with density. Recently, Taylor's power law (Taylor 1961 ) and Iwao's Patchiness Regression (Iwao 1968) have been used to analyze the spatial patterns in larval mosquito populations. The advantage of these models is that they account for the increase in variance with increasing density and indicate the amount of aggregation independent of density effects.
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analyze the larval distribution of Psoropora columbiae (Dyar & Knab) and Anopheles crucians Wiedemann in Louisiana rice fields and reported that, for Ps. columbiae, the early instars were the most aggregated. In contrast, An. crucians larvae were weakly aggregated, and the degree of aggregation did not change with age. Service (1985) reviewed studies that used Taylor's and
Iwao's models to analyze sample data on Anopheles sinensis Wiedemann, Culex tritaer~iorhyn-chus Giles, and An. arabiensis in rice fields. He concluded that larvae of all three species showed consistent but weak aggregation, except for the first instars, which were strongly aggregated. Sandoski et al. (1987) Michigan marsh were aggregated and attributed this to the heterogeneity of the habitat.
In an earlier study in California rice fields (Christensen & R.K.W., unpublished data) in which dip-sample data were analyzed using Iwao's model, it was estimated that, for Cx. tarsalis, at least 250 dips would be required to estimate the larval population in a single rice field at a precision level of 0.25 for a population of 0.5 larvae per dip. For An. freeborni, at least 360 dips would be required to achieve the same level of precision.
Here we report a detailed analysis of the larval dispersion of An. reeborni and Cx. tarsalis in commercial rice ft elds in northern California.
Our objectives were to document the phenology of mosquito abundance and, using Taylor's power law and Iwao's Patchiness Regression, to characterize the spatial pattern of larvae within a field. The effect of age (instar), time, and density on the spatial pattern also was investigated.
Materials and Methods Sampling Procedure. Sample sites of ==3,000 m2 were established in 104 commercial rice fields in Sutter County in northern California before or immediately after flooding in early May. Sampling began on 29 June 1987 and continued weekly for 10 wks. Three individuals spaced "10 m apart took three dips using a standard mosquito dipper (=400 ml) at 10 stops along linear transects into the field. The first stop was 3-5 m from the edge of the field; subsequent stops were spaced 3-5 m apart. Observations for each dip were recorded separately. For each dip, all mosquito larvae were identified to species and instar, counted, and returned to the field.
One sample consisted of 90 dips. Only Cx. tarsalis and An. freeborni occur in northern California rice fields during July through September (Washino 1980) ; no other species were collected. Models of Dispersion. Taylor's power law (Taylor 1961 ) and Iwao's Patchiness Regression (Iwao 1968) were used to quantify the relationship between the sample variance and mean. Taylor's power law states that the variance of a population is related to its mean density as follows:
The parameters, a and b, were estimated by regressing logio (variance, s2) against logio (mean, Z). Wilson (1985) pointed out that both the intercept, a, and the slope, b, contribute to describing aggregation; b generally contributes more when mean density is high, but a becomes important when the density is low (e.g., 2 < 1). Iwao (1968) found that the change in Lloyd's estimate of mean crowding (x, the mean number of other individuals per individual in the same dip) with mean density (2) could be fitted to a linear regression, termed Iwao's Patchiness Regression (Southwood 1978) :
The intercept, a, indicates the tendency of individuals to be found in groups. It is >0 when individuals are found together more often than expected by chance alone, =0 when found together at random, and <0 when found together less often than expected by chance alone. The slope, & equals unity when the larvae are distributed at random and greater than unity when aggregated.
The effects of instar, time (sample week), and location (density) were investigated using analysis of covariance (SAS Institute 1985) with logio (mean) and the sample mean as the covariate for Taylor's and Iwao's models, respectively. This procedure was used to identify significant differences in slope and intercept among instar, week, and location. Model parameters were estimated and reported for individual instars. A t test was used to determine if b or p were statistically significantly different from one and if a and a were statistically significantly different from zero.
The optimal sample size for monitoring larval abundance was investigated in two ways. One method examined the number of dips needed to estimate population abundance with a fixed level of precision given specified amounts of aggregation in the sampled population. Wilson & Room (1983 ) incorporated Taylor's power law into Karandinos's (1976) model for estimating optimal sample size as follows:
where n is the number of samples, Zda is the upper d 2 part of the standard normal distribu-tion, a is the confidence level, and D is a fixed proportion of the mean. The other parameters are as defined in equation 1. For a 95% confidence interval, a = 0.05 for which Zo,02s = 1.96 when n > 30.
Optimal sample size also was examined by calculating the minimum number of dips necessary to ensure collection of at least one mosquito larva in 95 out of 100 samples. When larval abundance is low, it can be difficult to collect any larvae, even when larvae are present. The number of dips necessary to collect at least one larva in 95 out of 100 samples was estimated as where P(o) is the probability of collecting no larvae in a dip and n is the sample size. Solving for n gives where loge is the natural logarithm. We estimated Pie) using the Poisson and the negative binomial probability distributions. For the Poisson The minimum number of dips necessary to collect at least one larva, given a 5% error rate, was estimated using P described by equation 6 for the Poisson distrithion and equation 9 for the negative binomial distribution.
Results and Discussion
The mean number of larvae per dip (all instars) from late June through early September is shown in Fig. 1 . The mean abundance of Cx. tarsalis larvae was highest the first week, then declined, and remained low during late summer. In contrast, the number of An. freeborni larvae was initially low, increased steadily, and reached peak abundance in mid-August.
For An. freeborni, mean larval abundance appeared to vary regionally. The 104 study fields were spread over 400 km2 and located in three somewhat distinct geographical areas identified as East Nicolas (34 fields fields), and Bobbins (35 fields). Larval abundance was highest in East Nicolas and lowest in Bobbins (Fig. 2) . By grouping fields, the effect of density levels on the parameters of Taylor's and Iwao's models was investigated. Because the larval abundance of Cx. tarsalis was low through most of this study, regional differences were not examined for this species.
The frequency distribution of larvae per dip for samples taken during the week of highest abundance (Cx. tarsalis, 29 June-2 July; An. freeborni, 10-13 August, East Nicolas) is presented in Fig. 3 . Even at peak abundance, most dips contained no larvae. The frequency distribution of samples (1 sample = 90 dips, n = 1,040 samples) as a function of abundance is shown in Fig. 4 for both mosquito species. Most samples had collected less than nine larvae (i.e., 2 < 0.1 larva per dip). One index of dispersion is the variance to mean ratio (VMR), which is equal to 1-0 if larvae are distributed randomly (i.e., as a Poisson) and B1.0 when aggregated (Elliott 1977) . The VMR of individual samples were compared independently to 1.0 using the chi-square test described in Elliott (1977) . For An. freeborni, 831 out of 1,040 samples contained at least one larva; of these, 39% had a VMR statistically significantly greater than 1.0 (for a sample size of 90 dips, the VMR must exceed 1.31 [df = 89, P < 0.051 in a two-tailed test). No samples were significantly less than 1.0. At densities of <0.05 larva per dip, the VMR of most samples did not differ significantly from 1.0; however, sample variance increased with increasing mosquito density, and the VMR usually exceeded 1.0 for samples with B0.05 larva per dip (Fig. 4) . For Cx. tarsalis, 328 out of 1,040 samples contained at least one larva, and of these, 32% had a VMR significantly greater than 1.0; no samples had a VMR significantly less than 1.0. As with An. freeborni, a greater proportion of Cx. tarsalis samples with a VMR greater than 1.0 were associated mostly with higher densities (Fig. 4) .
Taylor's Measure of Aggregation. The relationship between variance and mean density was investigated for all samples (except zeros) using Taylor's and Iwao's regression models. For An. freeborni, Taylor's model showed that the level of aggregation was highest among the first instars and then decreased (Fig. 5A) . This was seen in the decrease in both a and b values. Plotting the regression coefficients over time showed that the degree of aggregation tended to decrease through the season, being highest in early July and lowest in August (Fig. 5B) . However, three peaks in aggregation were evident, occurring in early July, early August, and late August. Aggregation was highest in the area of lowest density (Bobbins , Fig. 5C) ; however, the differences among locations were not significant (Table 1) .
Using Taylor's model to analyze the spatial distribution of Cx. tarsalis larvae showed that aggregation was highest among the first instars and then declined, in a manner similar to that exhibited by An. freeborni (Fig. 6A) . Plotting the regression coefficients over time showed two peaks in aggregation, one in mid-July and one in mid-August. Aggregation was lowest in late August and early September (Fig. 6B ).
Iwao's Measure of Aggregation. Analysis using Iwao's model also showed that An. freeborni larvae were more aggregated among the early instars and less aggregated for the older instars (Fig. 5D) as indicated by the decline in 6 with age. The value of a was significantly different from 0 for the first instar only (Table I) , suggesting that first instars were commonly collected in . . groups. The change in Q across weeks showed the same trend as Taylor's model: high initial aggregation followed by a general decline (Fig.   5E ). The value of a did not deviate from 0 across weeks. The effect of location on the regression coefficients is shown in Fig. 5F . The highest aggregation was at the location of lowest mosquito density (Bobbins) and the lowest value, at the location of highest density (East Nicolas). Again, a was always close to 0.
For Cx. tursulis, Q was highest among the first instars and lowest among the third and fourth instars (Fig. 6C) . The regression intercept did not deviate from 0 and did not vary among instars
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the highest value occurred in early August. Interpretation of the Spatial Pattern. Both Taylor's and Iwao's models indicated that the larval populations of An. freeborni and Cx. tarsalis were more aggregated in the early stadia and then became less aggregated with age. These results were consistent with the oviposition behavior of Cx. tarsalis females who deposit a clutch of eggs as a floating raft and An. freeborni
July August
females who deposit a clutch of eggs in one spot. For both species, the abundance of first instars would be concentrated around the spot of oviposition immediately after hatching. As the larvae age, movement would displace individuals in all directions from the oviposition spot and, coupled with losses from mortality, result in the later instars being less aggregated than the early instars. Shortly after flooding, a rice field is colonized by invading female mosquitoes. If we assume that there is no preference by female mosquitoes for locating their oviposition within a field, then these spots would be randomly distributed throughout the field. At that time, the spatial distribution of larvae would appear as distinct clusters with many larvae interspersed with areas with few larvae. As the season progresses, the rate of oviposition in the field will increase and result in a decrease in distance between oviposition spots. Consequently, we would expect the larval population to become more evenly distributed throughout the field and the aggregation of larvae less distinct. This is what may have been observed for An. freeborni, which showed a steady increase in larval abundance and a concomitant decrease in the degree of aggregation through the course of this study (see Figs. 1 , 5B and E). In contrast, the abundance of Cx. tarsalis larvae was high initially, decreased, and remained low throughout the study. The degree of aggregation of Cx. tarsalis larvae varied over the course of this study, but no trend was observed (see Figs. 1, 6B and D) . A factorial analysis of covariance showed that for Taylor's model, both instar and week effects were significant, with instar exhibiting the strongest effect (Table 1) . No interaction term was significant. In contrast, all slopes resulting from Iwao's model were significant, Analysis of covariance tests for homogeneity of the regression coefficients within treatment effects. For Taylor's model, the lack of significance among the interaction terms is important because it indicates that this model was not affected by specific combinations of instar, week, and location. In this way, the parameters estimated with these data appear to represent all fields regardless of location. In contrast, there was no homogeneity among slopes for the main effects or the interaction terms in Iwao's model. Thus, this model was affected by specific combinations of instar, week, and location, and its parameters were less useful in developing an area-wide sampling plan.
Parameter Estimates. Estimating a and b parameters by regressing logio(s2) against logio(?) can produce a biased estimate. An unbiased estimate was calculated by using a nonlinear regression procedure on the untransformed mean and variance data. To compare the results from these two regression methods, the amount of explained variance was calculated by plotting the observed and predicted s2 against ? in the original scale. The explained variance, 3, was estimated as 2(observed s2 -predicted s2)2 1 -^(observed s2 -average s2)2 (10)
The fits of Taylor's and Iwao's models are presented in Table 3 . In general, the amount of explained variance was higher for the third and fourth instars than for the early instars. This was observed for both Taylor's and Iwao's models. The fit of Taylor's model was consistently better using the nonlinear regression method.
Optimal Sample Sizes. We used two methods to determine the sample size necessary to assess the density of mosquito larvae in a single rice field. One method used a fixed-precision sampling model (Ruesink 1980) . The other method estimated the minimum number of dips needed to collect at least one larva.
Optimal sample size is dependent on the spatial pattern of the sampled population. As reported earlier, we found age and temporal differences in Taylor's and Iwao's parameter values for both mosquito species. Jones (1990) , however, suggested that Taylor's a and b values are merely samples from a large population of values. We suggest that if one sampling protocol is to be used, pooled estimates of the model parameters should provide the best estimate of a and b.
The values reported for "All Instars" in Table 3 were used for both species in the analyses of optimal sample sizes.
The number of samples required to estimate
An. freeborni and Cx. tarsalis larval numbers at three levels of i recision are shown in Fig. 7 . For fixed-precision levels of 10% and 20%, at least 1,800 and 461 dips, respectively, are necessary to estimate the larval population of a field with a density of 0.5 larva per dip. These sample sizes are very high and are impractical for routine surveillance, yet these densities were common in this study (see Fig. 2 ).
If the objective of a sampling program is to determine if the population of larvae in a rice field exceeds some treatment threshold, an alternative plan may be to take enough dips to collect at least one mosquito larva. Failure to collect any larvae in a series of dips does not mean that no larvae are present. Rather, there is a direct relationship between larval density and the probability of collecting larvae. When larval populations are high, few dips would be necessary to collect at least one larva. Conversely, as population abundance decreases, more dips would be necessary. The probability of a sample protocol to find larvae is affected by both larval density and sample size (number of dips). For a given sample size, there exists a high probability of finding no larvae despite the existence of a biologically meaningful population of mosquito larvae. It may be possible to use this phenomenon to determine if the larval density in a rice field exceeds a treatment threshold as would exist in a monitoring program.
Given an arbitrary density and an assumed degree of aggregation in the larval population, the minimum number of dips necessary to collect at least one larva in 95 out of 100 samples (a series of dips is one sample) can be estimated. For An, freeborni and Cx. tarsalis, 61% and 68%, respectively, of field samples did not have a VMR significantly greater than 1.0 and the greatest proportion of these occurred at low population densities. The Poisson distribution, then, may provide an adequate description of the larval spatial pattern, especially when populations are increasing early in the season.
We estimated the number of dips required to collect at least one larva given an error rate of 5% using both the Poisson and negative binomial probability distributions. For the Poisson distribution, the variance is assumed to be equal to the mean, so the probability of finding a larva depends only on density, For the negative binomial, the degree of aggregation of the sampled population, k, was estimated using Taylor's a and b values for "All Instars" in Table 3 .
The estimated sample sizes are reported for densities between 0 and 0.3 larva per dip (Fig.   8 ). The minimum number of samples increased with decreasing densities, but sample sizes were substantially lower than those required for a fixed-precision estimate. For example, for a density of 0.05 An. freeborni larvae per dip, 461 dips are required to obtain a sample value within 20% of the population mean; only 60 samples are required to ensure collection of at least one larva in 95 out of 100 samples. This may provide an efficient and cost-effective method for monitoring larval mosquito a b u n d a n c e for control purposes in northern California rice fields.
